The goal of this study was to assess cortical reorganization in the visual system of adult mice in detail. A combination of deprivation of one eye and stimulation of the remaining eye previously led to the identification of input-specific subdivisions in mouse visual cortex. Using this information as a reference map, we established to what extent each of these functional subdivisions take part in cortical reactivation and reorganization upon unilateral enucleation. A recovery experiment revealed a differential laminar and temporal reactivation profile. Initiation of infragranular recovery of molecular activity near the border with nonvisual cortex and simultaneous hyperactivation of this adjacent cortex implied a partial nonvisual contribution to this plasticity. The strong effect of somatosensory deprivation as well as stimulation on infragranular visual cortex activation in long-term enucleated animals support this view. Furthermore, targeted tracer injections in visual cortex of control and enucleated animals revealed preexisting connections between the visual and somatosensory cortices of adult mice as possible mediators. In conclusion, this study supports an important crossmodal component in reorganization of adult mouse visual cortex upon monocular enucleation.
Introduction
For a long time, it was generally assumed that the brain of adult mammals does not posses the capacity to adapt or regenerate after the loss of sensory stimulation, as observed during the critical period of development. In the early 70's, however, neocortical plasticity was shown to occur in adult rats after partial deafferentiation (Wall and Egger 1971) , and later nerve transection in adult monkeys caused reorganization of the somatotopic neocortical map (Merzenich et al. 1983) . Ever since, a huge amount of evidence substantiates cortical reorganization in response to central or peripheral lesions in sensory and motor cortex of adult, higher mammals (monkey, Merzenich et al. 1983; cat, Kaas et al. 1990; Gilbert 1994, 1995; Arckens et al. 1998 Arckens et al. , 2000 Eysel et al. 1999) . Prospects of using transgenic mice to unravel the molecular dynamics that drive this self-organizing capacity of the adult brain have focussed current research on this lower mammal (Sawtell et al. 2003; Pham et al. 2004; Tagawa et al. 2005; Hofer et al. 2006a Hofer et al. , 2006b ). However, although cross-modal reorganization in mice has been well documented when deprivation occurs around birth, there are no reports of adult cross-modal reorganization in this popular animal model.
When sensory deprivation occurs, the corresponding cortex can be reactivated by other sensory systems. This phenomenon is recognized as cross-modal plasticity and is already extensively studied in congenitally or neonatal sensory deprived animals. The blind mole rat is, due to its innate small deformed eyes and optic nerves, functionally blind, although its primary visual cortex has a typical mammalian organization (Bronchti et al. 2002) . Since Bronchti and coworkers (Bronchti et al. 1989 Heil et al. 1991) revealed with 2-deoxyglucose and single-unit measurements that the thalamocortical visual pathway is invaded by the auditory modality, the blind mole rat became an interesting model for cross-modal plasticity (Doron and Wollberg 1994) . Furthermore, in neonatal bilateral enucleated hamsters, electrophysiology studies demonstrated some visual targets to be activated by auditory stimulation (Izraeli et al. 2002) . Besides auditory invasion of the visual cortex (Chabot et al. 2007 (Chabot et al. , 2008 , also the somatosensory modality gained interest in early postnatal enucleated rats (Toldi et al. 1993; Toldi, Farkas, et al. 1994; Toldi, Rojik, et al. 1994; Ne´gyessy et al. 2000) . Cross-modal studies in mouse ascertain that following congenital anophthalmy or neonatal enucleation, thalamic afferent fibers are able to innervate inappropriate thalamic targets as well. Asanuma and Stanfield (1990) provided evidence for somatosensory axons to be rerouted to the dorsal lateral geniculate nucleus, but the barrel field and auditory cortex appear to expand in enucleated mice indicating cross-modal interactions between somatosensory/auditory and visual areas (Bronchti et al. 1992; Chabot et al. 2007) . Congenital anophthalmy in mice on the other hand results in a primary visual cortex that responds to auditory stimuli (Laemle et al. 2006 ) and even in a hyperactive visual cortex when the anophthalmic mice were raised in an enriched environment (Piche´et al. 2004) . Also in higher mammals like cat, both somatosensory and auditory cross-modal innervations occur in sensory areas after early postnatal visual deprivation (Rauschecker et al. 1992; Rauschecker and Korte 1993; Sanchez-Vives et al. 2006) . And even in humans, congenital and early blindness lead to an activation of the primary visual cortex by tactile stimulation (Sadato et al. 1996; Gizewski et al. 2003; Wittenberg et al. 2004; Ptito and Kupers 2005; Ptito et al. 2008) , possibly mediated by the unmasking of preexisting connections (Noppeney 2007) .
Despite massive research into cross-modal reorganization in congenitally and neonatal sensory deprived animals, little investigation of cross-modal plasticity after sensory deprivation in adulthood has been done. Furthermore, the results of the scarce cross-modal studies in late blind subjects are unfortunately very controversial. It is still under discussion whether the response to somatosensory and auditory stimuli in the primary visual cortex and other higher order visual areas is due to mental imagery (i.e., the mental visualization of the stimulus, Bu¨chel et al. 1998 ) or due to cross-modal cortical reorganization (Sadato et al. 1996; Kujala et al. 1997; Burton et al. 2002; Voss et al. 2006) , and some researchers even demonstrated the occipital areas to be inactive after sensory stimulation in late blind subjects (Cohen et al. 1999 ).
So far the only investigation for cross-modality in adult mammals was done by Newton et al. (2002) who studied the effect of monocular enucleation after the critical period in the adult rabbit by means of electrophysiology and tracer injections and discovered cross-modal plasticity between the somatosensory and visual cortex.
The goal of this study was an in depth analysis of this crossmodal reorganization in the visual cortex of adult mice since knowledge of the mechanisms of life-long recovery of function holds great promise toward the development of new therapies for rehabilitation and recovery from visual system injuries. Not only did we want to elucidate to what extent mouse visual cortex is capable of compensating visual deficits, we also wanted to identify possible sources of the recovery. Table 1 summarizes all experimental conditions and numbers of animals used.
Materials and Methods
To establish to what extent every functional subdivision within the visual cortex of mice takes part in cortical reorganization upon monocular enucleation, we surgically removed the right eye of adult C57Bl/6J mice (age 120 days; monocularly enucleated [MEN] ) and analyzed immediate early gene (IEG) expression patterns after different survival times posttreatment (1, 3, 5, and 7 weeks). Screening for timedependent reactivation of sensory-deprived visual cortex consisted of the detection of zif268 mRNA, a proven, excellent activity reporter gene. IEGs-like zif268 are genes whose transcription is swiftly upregulated following sensory stimulation (Morgan and Curran 1991; Kaczmarek and Chaudhuri 1997) whereby the mRNA expression patterns specifically reflect stimulus-induced neuronal activity Takahata et al. 2008 Takahata et al. , 2009 Hu et al. 2009; Van Brussel et al. 2009 ).
To identify the stimulus source driving the reactivation of the visual cortex contralateral to the removed eye, 2 types of experiments were conducted. A number of 7-week enucleated mice underwent the removal of right-side large whiskers for 3 days (MEN-SR) and zif268 expression patterns were compared with those in age-matched controls with only the right vibrissae removed (CM-SR) as well as to the expression profile of 7-week MEN (7w MEN) animals. In a second set of animals, the influence of intense somatosensory stimulation was analyzed. Seven-week MEN animals were placed overnight in a classical home cage in total darkness to exclude visual stimulation of the visual cortex. For the last 45 min prior to sacrifice, mice were exposed to toys and novel objects to specifically enhance whisker use (but still in total darkness, 7w MEN-SS). The visual cortex of these mice was then compared with age-matched controls that underwent the same treatment, but in contrast were not enucleated (CM-SS).
As somatosensory input did elicit neuronal activity in the visual cortex of long-term MEN animals as measured by increased zif268 expression, some 7w MEN mice and age-matched controls received a unilateral injection of Fluororuby, a bidirectional tracer, in left V2M to elucidate what connections, existing or new, between medial extrastriate and somatosensory cortex could underlie the observed recovery of activity (7w MEN-T and CM-T).
In all animals, adjacent sections to those for zif268 analysis have been analyzed for differences in the intensity and distribution of neurofilament medium (NF-M) mRNA expression together with cresyl violet counterstainings as a guide to set areal boundaries for interpretation of the data.
Activity Screening
Animals and Tissue Preparation Animals of the inbred C57Bl/6J strain were obtained from Janvier Elevage (Le Genest-St-Isle, France). At the time of manipulation, all animals were at least 120 days of age and had been raised under a daily photoperiod of 13 h light and 11 h darkness with water and food available ad libitum. All experiments have been approved by the Ethical Committee of the university and were in strict accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
The enucleation of the C57 Black mice took place as previously described (Ceuppens et al. 2007; Van Brussel et al. 2009 ). Briefly, under sedation by intraperitoneal injection of a mixture of ketamine hydrochloride (50 mg/ml) and medetomidine hydrochloride (1 mg/ml) (Pfizer Global Pharmaceuticals) at a dose of 8 ll per gram body weight, the right eye was carefully removed and the orbit was filled with viscostat (Ultradent Products, Inc.), a viscous coagulate and hemostatic agent. After injection with atipamezol hydrochloride (0.5 mg/ml; Pfizer) the animals were allowed to recover on a heath pad. They were all administered 0.05 ml of antibiotics (Kefzol, 1 g Natrii cefazolin, and 15 mg Lidocaini hydrochloridum anhydricum in 4 ml 0.9% NaCl).
Following a 1-week (n = 3), 3-week (n = 3), 5-week (n = 3), or 7-week (n = 3) survival period under normal light conditions in standard cages, all the mice used to determine the time frame for visual cortex reactivation underwent an overnight dark exposure followed by 45 min of daylight prior to sacrifice (Kaczmarek and Chaudhuri 1997; Arckens et al. 2000 ; Van der Gucht et al. 2000) .
A second experimental group underwent unilateral somatosensory deprivation. Seven-week MEN (7w MEN-SR, n = 3) and control mice (CM-SR, n = 3) were again anesthetized as previously described, and all the large vibrissae from the right side of the muzzle, the same side as the enucleation, were removed by a rapid, short pull at the base to make sure the hair and follicle were both removed. After the sensory manipulations, mice were placed back in an 11/13 h dark/light cycle for 3 additional days before being sacrificed.
A third group of animals (7w MEN-SS [n = 3] and CM-SS [n = 3]) were placed in standard home cages in the dark overnight and 45 min prior to sacrifice were exposed to novel objects and toys to maximally stimulate somatosensory exploring behavior.
For in situ hybridization studies, animals were sacrificed by cervical dislocation and the brains were immediately frozen in 2-methylbutane (Merck) at a temperature of -40°C. Twenty-five-lm-thick sections were prepared on a cryostat (Microm HM 500 OM), mounted on 0.1% poly-L-lysine (Sigma-Aldrich)--coated slides and kept at -20°C until hybridization.
In Situ Hybridization
All synthetic oligonucleotide probes were purchased from Eurogentec. Zif268 in situ hybridization was performed with a mouse-specific probe (NM_007913.5, 5#ccgttgctcagcatcatctcctccagyttrgggtagttgtcc3#). The sequence of the areal marker NF-M mouse-specific probe was 5#gctgaggtcgtggttgtggcgctcctcgatgtcgctgagctgccgc3# (NM_008691.2) These oligonucleotide probes have already been used successfully for the analysis of zif268 mRNA expression in cat and mouse visual system in previous publications (cat Qu et al. 2003; Leysen et al. 2004; Hu et al. 2009; mouse: Van der Gucht et al. 2007; Van Brussel et al. 2009 ).
As described in a previous paper, control experiments were performed to ascertain the specificity of the antisense oligonucleotide probes for mouse tissue (Van Brussel et al. 2009 ). Briefly, sets of tissue sections were hybridized with the sense oligonucleotides in an identical manner to the antisense oligonucleotide probes. A competition experiment included the prehybridization of sets of tissue sections with a 50-fold excess of relevant or irrelevant unlabeled probe for 1 h 
prior to hybridization with labeled antisense probe. Some sections were incubated with RNase containing buffer (0.005% RNase [Sigma-Aldrich] in 0.1M phosphate buffer, pH 7.4) for 1 h at 37°C prior to hybridization with labeled probe. All control experiments abolished the signal as generated by normal antisense probe hybridization. In situ hybridization was performed as described earlier (Arckens et al. 1998 Cnops et al. 2007; Van Brussel et al. 2009 ). Briefly, the probe was end labeled with 33P-dATP (NEN) using terminal deoxynucleotidyl transferase (Gibco), an enzyme that attaches radioactive nucleotides to the 3#-end of the probe. Unincorporated nucleotides were removed by running the mixture over miniQuick Spin columns (Roche Diagnostics). The radioactively labeled probe was mixed with a hybridization cocktail (50% formamide, 43 standard saline citrate, 13 Denhardt's solution, 10% dextran sulfate, 100 lg/ml salmon sperm DNA, 250 lg/ml tRNA, 60 mM dithiothreitol, 1% N-lauryl-sarcosine, 26 mM NaHPO 4 , pH 7.4) and applied to the dehydrated sections with overnight incubation at a temperature of 37°C. The next day, the sections were rinsed in 13 standard saline citrate buffer at 42°C, and radioactive signal was detected using an autoradiographic film (Kodak), which was developed 3 weeks later in Kodak D19 developing solution and fixed in Rapid fixer (Ilford Hypam; Kodak).
For image production from the autoradiograms, bright field images were captured with a digital Olympus SP-550 UZ camera (Olympus Belgium N.V.), and all files were similarly adjusted for brightness and contrast in Adobe Photoshop (version 9.0.2) based on signal intensity of one white matter region. Pseudocolor maps were generated with Zeiss Axio Vision software (Carl Zeiss Benelux) and represent a false coloring of the gray values: a low gray value is represented in blue, a high gray value in white; respectively, indicating a low signal response or high signal response. Optical density measurements were performed using ImageJ software and expressed as a percentage of the maximum signal, normalized for background staining to allow for comparison between different experimental conditions. All data were statistically compared by means of the nonparametrical post hoc Wilcoxon test. Statistical differences were indicated by ''*'' for P < 0.05, ''**'' for P < 0.005, and ''***'' for P < 0.0005.
Areal borders were set upon comparison with cresyl violet counterstained sections and adjacent sections labeled for the architectonic marker NF-M as described in Van Brussel et al. (2009) .
Tracer Study

Tracer Injection
Under sedation by intraperitoneal injection of a mixture of ketamine hydrochloride (50 mg/ml) and medetomidine hydrochloride (1 mg/ml) (Pfizer Global Pharmaceuticals) at a dose of 8 ll per gram body weight, control (CM-T, n = 3) and 7w MEN mice (7w MEN-T, n = 3) were fixed in a stereotaxic apparatus (Kopf Instruments, model 5000 microinjection unit) with adjustable earpieces. A volume of 0.3 ll of a 10% solution of tetramethylrhodamin (Fluororuby; Invitrogen) was injected at the correct stereotactic coordinates of V2M (Bregma -2.80, 2 mm to the left from the midline; Franklin and Paxinos 2008) . After injection with atipamezol hydrochloride (Antisedan 0.5 mg/ml; Pfizer), the animals were allowed to recover on a heath pad. They were all administered 0.05 ml of antibiotics (Kefzol, 1 g Natrii cefazolin and 15 mg Lidocaini hydrochloridum anhydricum in 4 ml 0.9% NaCl). Tracer was injected 5--7 days prior to sacrificing the animals (Schofield et al. 2007; Budinger et al. 2008) .
Tissue Preparation
The animals were sacrificed with an overdose of sodium pentobarbital (60 mg/ml, intraperitoneally) and were immediately perfused transcardially with 1% paraformaldehyde followed by 4% paraformaldehyde (SigmaAldrich) in 0.15 M phosphate-buffered saline (PBS, pH 7.42) at 37°C. The brains were postfixed for 24 h at 4°C and stored at 4°C in PBS until processed for immunohistochemistry. Coronal sections were cut on a Vibratome (50 lm thick). Series of free-floating sections were processed for tetramethylrhodamin or were Nissl-stained with 1% cresyl violet (Fluka Chemical, Sigma-Aldrich) according to standard protocols. Nissl stainings were helpful for interpreting various aspects of architectonic and laminar organization.
Immunohistochemistry Serial sections were pretreated with 0.3% H 2 O 2 , rinsed, and preincubated in normal goat serum (1:5; Chemicon International) for 45 min. After incubation overnight with the polyclonal antibody antitetramethylrhodamin (1:5000; Invitrogen), detection was performed using biotinylated goat anti-rabbit immunoglobulins G (1:500, 30 min; Dako) and peroxidated streptavidin (Dako). The sections were immunostained using the glucose oxidase-diaminobenzidine-nickel method resulting in a black staining (Shu et al. 1988 ; Van der Gucht et al. 2001 , 2007 .
All incubations and rinses were performed in Tris-buffered saline (0.01 M Tris, 0.9% NaCl, 0.3% Triton-X 100, pH 7.6). Staining and method specificity (positive and negative control experiments) were carefully performed as described in detail in previous publications (Van der Gucht et al. 2001 , 2007 . To avoid possible variability in staining patterns and intensity among the different paradigms and different immunohistochemical experiments, the sections were processed at the same time, including cross-experiment controls, using the same staining solutions.
Results
Time-Dependent Recovery
One-Week Monocular Enucleation: Localization of Monocular and Binocular Regions within Visual Cortex One week of monocular enucleation demarcated the eye-input--specific subdivisions within mouse visual cortex ( 2 ). This segment of more intense label within the deprived contralateral cortex broadens toward more posterior levels ( Fig. 1B1--4) and as from level -2.46 is flanked on both sides by visual cortex of decreased zif268 signal compared with controls. The binocular zone, which still receives input from the ipsilateral intact eye, is characterized by a significantly higher signal in lower layer III and layer VI compared with adjacent visual cortical regions; however, the labeling of the infragranular layers is not uniform. Whereas the V1 part of the binocular zone shows intense labeling for zif268 in layer VI, the V2L part of the binocular zone displays a lower signal upon enucleation, most likely due to areal differences in input properties (Van Brussel et al. 2009 ). A second small cortical segment most medial in the deprived cortex displays a slight decrease in zif268 signal following monocular deprivation when compared with visually stimulated control mice (Fig. 1A1--4 ,B1--4). Relative to an architectonic scheme based on cresyl violet staining and NF-M expression, it is located near the border between visual and retrosplenial cortex, at the location of the dorsal rostromedial areas ( Fig. 2 ; Van der Gucht et al. 2007; Van Brussel et al. 2009 ). In summary, mouse visual cortex consists of one well-defined binocular zone located across the border of primary and lateral secondary visual area, which is flanked on both sides by monocularly driven cortex, the parts of the visual cortex with the lowest zif268 expression levels 1-week posttreatment. Three-Week Monocular Enucleation: Reactivation of the Supragranular Layers of Monocular V1 As in 1-week animals, at Bregma level -2.06, the monocular segment of V1 displays a markedly lower zif268 signal than lateral extrastriate cortex (Fig. 1C1) . In contrast to 1w MEN, however, V2L shows an elevated labeling of infragranular layers V and VI. This increased signal is most pronounced near the border with somatosensory cortex as is indicated by the white arrow on Figure 1C1 . At this Bregma level, lateral extrastriate cortex is flanked by the barrel field of primary somatosensory Fig. 1C1 ) and at this level, also the ventroposterior medial nucleus, which has been described as the ''whisker'' thalamus (Zantua et al. 1996) , is clearly visible (Fig. 1C1) . At -2.06, medially neighboring parietal and even more so retrosplenial cortex is notably less activated compared with 1-week animals, although more posterior levels clearly show an increase in retrosplenial activity. In contrast to RM, characterized by an increased signal from level -2.06 to -3.28 (Fig. 1C3) , V2M does not seem to display an altered activity pattern compared with 1w MEN. At Bregma level -2.46 (Fig. 1C2) , V1 shows an expansion of the activated supragranular binocular zone toward monocular striate cortex. The V2L activity pattern on the other hand strongly resembles that after 1 week of enucleation and unlike at more anterior levels does not display an increase in signal of the infragranular layers. Also neighboring somatosensory (SS) and agranular retrosplenial cortex (RSA) display no apparent differences compared with 1w MEN. More caudal levels show an even more progressive expansion of the activated supragranular layers of the binocular zone into monocular V1, with an almost complete reactivation of supragranular monocular V1 at Bregma level -3.80 (Fig. 1C4) . Again, neighboring auditory cortex resembles 1-week enucleated cortex.
Five-Week Monocular Enucleation: Complete Recovery of Activity at Posterior Levels The V1 activity pattern at level -2.06 of the 5-week MEN (5w MEN) mouse brain closely resembles the corresponding level of a 3-week MEN (3w MEN) animal (Fig. 1C1,D1 ). Infragranular V2L and the somatosensory barrel field (SS) are strongly activated; however, the strongest signal is noticeable at the location of auditory cortex (Fig. 1D1) . Level -2.46 shows a very strong activation of V2L and adjacent auditory cortex, especially in the supragranular layers, but also the infragranular layers show signs of reactivation at the border of V2L with auditory cortex Large arrowheads indicate the extreme borders of visually driven cortex while small arrowheads delineate the areal borders within, as identified through comparison with cresyl violet staining patterns and NF-M expression patterns. Black arrows on panels mark the position of the binocular zone, spanning the V1-V2L border. Gray arrowheads indicate an elevated signal in auditory cortex and gray arrows mark TeA. Cortical layers are indicated by roman numbers I--VI on the cresyl violet--stained section. Rhf, rhinal fissure; RM, rostromedial areas; V2M, medial extrastriate cortex; V1m, monocular V1; V1b, binocular V1; V2Lb, binocular V2L; V2Lm, monocular V2L; RSA/RSG, retrosplenial cortex; SS, somatosensory cortex; Au, auditory cortex; and TeA, temporal association cortex. Scale bar: 1000 lm. (Fig. 1D2) . At more posterior levels -3.28 and -3.80, the visual cortex displays further reactivation of the monocular part of V1 and V2L, both in supra-and infragranular layers (Fig. 1D3--4) . Anterior to level -3.80, no significant increase of signal compared with the 1w and 3w MEN is found in medial extrastriate cortex, but posterior from this level, we observe a complete activation of medial visual cortex.
Seven-Week Monocular Enucleation: Complete Reactivation of Infragranular Layers
As was the case for 3-and 5-week animals, anterior binocular V2L shows complete reactivation of its infragranular layers (Fig. 1E1) . Strikingly, following 7 weeks of recovery, such a reactivation of the visual cortex is present along the entire anteroposterior axis (Fig. 1E1--4) . This recovery of activity of the infragranular layers is noticeable in V2L as well as striate and medial extrastriate cortex, resulting in an increased signal spanning the entire visual cortex. Both somatosensory and auditory cortex appear to display an IEG expression profile comparable to that of 1-week animals.
Quantitative Analysis
Analysis of the autoradiograms reveals 2 time-and layer-specific recovery windows. The first is characterized by the expansion of the supragranular binocular zone of V1 and V2L into surrounding monocular cortex, based on a spreading out of high zif268 expression from this most central region in the visual cortex outward (Fig. 1B--E) . This supragranular reactivation first occurs 3 weeks after enucleation and upon quantitative analysis, for medial monocular cortex (monocular V1 and V2M) results in an optical density 16% under the level in control animals compared with 37% after 1 week of enucleation (white bars Fig. 3A) . Between 3 and 5 weeks, medial monocular levels remain constant; however, after 5 weeks, we witness a further increase in activity and even some hyperactivation (5%, white bar Fig. 3A) at 7 weeks postenucleation. The second recovery stage affects the infragranular layers and, as is shown in Figure 1D --E, is initiated at the outer border of the visual cortex with neighboring nonvisual cortex and progresses inward. Except for anterior V2L, it does not occur until 5 weeks postenucleation and is accompanied by hyperactivity of the adjacent nonvisual cortex (Fig. 1D1--4) . So in contrast to the upper layers, the major reactivation of infragranular cortex takes place between 5 and 7 weeks following deprivation, as is mirrored by the high increase in signal: 33% under control level for 5-week survival time and 12% hyperactivation at 7 weeks postenucleation (black bars Fig. 3A) . Finally, Figure 3B shows that binocular cortex is not affected by monocular enucleation, except for a hyperactivation of both infra-and supragranular layers after 7 weeks of deprivation.
Sensory Nature of Recovery
To test the hypothesis of a substantial nonvisual contribution to adult visual cortex recovery of molecular activity, we first combined visual deprivation with the inactivation of a second sensory modality by trimming the vibrissae to limit somatosensory input. As read-out, we again opted for in situ hybridization for the activity marker zif268 on coronal sections of the sensory-deprived mouse brains and density measurements were again performed contralateral to the deprived eye/vibrissae at Bregma level -3.28. The bar graphs in Figure 4 compare density measurements in 7w MEN (white bars), somatosensory deprived controls (CM-SR, gray bars), and somatosensory deprived 7w MEN mice (7w MEN-SR, black bars) both in supra-and infragranular layers. For the supragranular layers (Fig. 4A) , a first important remark is that primary visual cortex (V1m and V1b) appears unaffected by the somatosensory manipulation. On the other hand, the effect of whisker removal is similar in CM-SR and 7w MEN-SR for both medial and lateral extrastriate cortex, resulting in a 16% decrease in optical density for V2M and V2Lb (Fig. 4A) . At the margins of visual cortex with nonvisual cortex, the effect of somatosensory deprivation alone is statistically different from that of whisker removal following 7 weeks of monocular enucleation (6% difference between CM-SR and 7w MEN-SR for V2Lm and 17% for RM, gray vs. black bars, Fig. 4A) .
Clearly, the strongest effect of vibrissae deprivation is on the infragranular layers (Fig. 4B) . All the visual areas in CM-SR and 7w MEN-SR are affected by the somatosensory deprivation, as is mirrored by an overall decrease in signal, and except for binocular V1 (V1b), preceding visual deprivation seems to amplify the effect (black bars, Fig. 4B ). Interestingly, this amplifying effect is most pronounced medial to central binocular cortex. Removal of the whiskers after prolonged monocular deprivation results in a 33% downregulation of the activity marker zif268 for monocular V1 and a 32% decrease in case of V2M.
Preexisting or Novel Input?
To elucidate whether the cross-modal reorganization was due to an unmasking of preexisting connections or the growth of new connections, we used targeted tracer injections to visualize connectivity. Since the greatest effect of somatosensory deprivation was witnessed in medial monocular cortex, we decided to focus on medial monocular connectivity. Fluororuby, a bidirectional tracer, was injected at the coordinates of V2M throughout the entire thickness of the cortex (Fig. 5) . Upon injection of Fluororuby in 7w MEN V2M, anterograde transport of the tracer labels both cortical and subcortical structures. Apart from visual structures like contralateral V2M, LGN, other ipsilateral visual areas (V2L, RM, and V1) and pretectal nuclei, some additional targets like retrosplenial cortex, temporal association cortex, and somatosensory cortex are also labeled. The insert in Figure 5 shows a detail of Fluororuby staining at the location of somatosensory cortex. Tracer is transported in an anterograde way to axon terminals in layers V and VI, while supragranular layers II/III contain retrogradely labeled cell bodies and dendrites. Identical injections of Fluororuby in control animals generated similar results. Inserts C and D are details of, respectively, anterograde and retrograde label in cortex of a 7w MEN mouse.
To provide support for the functional relevance of these cross-modal connections and reactivation of area V2M, we finally placed 7w MEN animals overnight in a classical home cage in total darkness (to ensure complete absence of visual stimulation), followed by 45 min of intense somatosensory stimulation by exposing them to toys and novel objects (still in darkness) prior to sacrifice. Any IEG expression in visual cortex would by definition be uncorrelated to visual stimulation. As illustrated in Figure 6 , both the supra-(left) and infragranular (right) layers of V2M display a significantly higher IEG expression in 7w MEN mice (7w MEN-SS) compared with control animals (CM-SS) upon this somatosensory stimulation.
Discussion
Time-Dependent Recovery
Since the pioneering work of Hubel and Wiesel in the 1960, research in higher mammals has led to a central dogma that beyond the critical period the brain only retains a reduced capacity for reorganization. Current work in rodents, however, challenges this view since specific treatments are capable of reinstating cortical plasticity in the adult. Our goal was to study this adult cortical reorganization in detail. A combination of deprivation of one eye and stimulation of the remaining eye previously led to the identification of input-specific subdivisions (Van Brussel et al. 2009 ). Using this information as a reference map, we established to what extent each of these functional subdivisions take part in cortical reorganization upon enucleation. We used the enucleation paradigm since literature suggests that eye-lid suture (MD) still permits visual stimuli to be presented through the closed eye-lid and even drives neuronal activity in LGN and striate cortex (Krug et al. 2001; Blais et al. 2008) .
Whereas control cortex exhibited the highest zif268 signal in layer VI and the lower parts of layers III and V, the deprived cortical area of 1-week enucleated animals showed a drastic decrease in signal for all cortical layers. The effect of enucleation on visual cortex, however, was not uniform. While in monocular cortex, both supra-and infragranular layers were whereas there is a large increase in signal for the supragranular layers between 1 and 3 weeks postenucleation, the major reactivation of the deeper layers does not occur before 5 weeks postenucleation. (B) For binocular cortex, there are no significant differences in signal compared with the control mice, except for the 7-week mice where a hyperactivation is clearly present in supra-and infragranular layers. Standard error of mean is indicated on top of the bars; *P \ 0.05, **P \ 0.005, and ***P \ 0.0005. drastically affected, in binocular cortex, the most profound effect was noticeable in the infragranular layers. Whereas in binocular cortex of normal mice zif268-positive cells are found throughout the depth of the cortex, following enucleation relatively few infragranular cells displayed immediate early gene expression upon stimulation of the ipsilaterally spared eye in binocular V2L (Van Brussel et al. 2009 ). The recovery experiment as well revealed a differential laminar profile. Except for anterior V2L, supragranular reactivation seemed to precede infragranular restoration of activity. Whereas a 5-week survival time allowed recovery of activity through almost the entire supragranular visual cortex, infragranular reactivation was restricted to anterior V2L and the most caudal occipital cortex at that time. Complete reactivation of deep layers of visual cortex did not occur until 7 weeks following enucleation of the contralateral eye. Furthermore, infragranular reactivation appeared to be initiated near the border with neighboring nonvisual cortex and from there progressed into more central visual cortex in time.
Early observations on monocular deprivation through lid suture in mice also showed layer-specific recovery of responses to stimulation of the deprived eye, using Visual evoked potential Only areas RM and V2Lm display a combined effect of long-term monocular enucleation and somatosensory deprivation. (B) Clearly, the most profound effect of somatosensory manipulation after long-term enucleation is on infragranular, medial monocular cortex. RM, rostromedial areas; V2M, medial extrastriate cortex; V1m, monocular V1; V1b, binocular V1; V2Lb, binocular V2L; and V2Lm, monocular V2L. Standard error of mean is indicated on top of the bars; *P \ 0.05, **P \ 0.005, and ***P \ 0.0005. . Optical density measurements of the zif268 signal of supragranular and infragranular layers in V2M and SS cortex of 7w MEN-SS and CM-SS animals. In this experimental setup, 7w MEN and CM were somatosensory stimulated through exposure to toys and novel objects for 45 min prior to sacrifice (in darkness) to reveal functionality of connectivity between both sensory modalities. Upregulation of IEG expression in V2M of both supra-and infragranular layers provides further evidence for our theory of nonvisually driven recovery of activity in visual cortex. 7w MEN-SS, 7-week monocularly enucleated þ light-deprived SS-stimulated animals; CM-SS, control þ light-deprived SSstimulated animals; infra, infragranular layers; supra, supragranular layers; SS, somatosensory cortex; V2M, medial extrastriate area. Standard error of mean is indicated on top of the bars; *P \ 0.05 and ***P \ 0.0005. measurements (Dra¨ger 1978) . Monocular deprivation during the critical period (even only 4 days of MD as later shown by Gordon and Stryker 1996) induced an ocular dominance (OD) shift in the binocular zone toward the open eye, with the most drastic effect on the infragranular layers, as is the case in our experiments. After deprivation, only a small percentage of binocular cortical cells could still be influenced through the deprived eye. Forcing visual experience through the deprived eye by suturing the spared eye, only slightly increased the responsiveness to this eye. To test whether this restricted increase was due to a tonic inhibition by the competing eye, as already suggested by a preceding experiment on monocularly deprived cats (Kratz and Spear 1976) , Dra¨ger enucleated the experienced eye and again measured responsiveness of cells in binocular visual cortex contralateral to the deprived eye. Within days and weeks following enucleation, visual responses became gradually stronger; however, all responsive cells were restricted to the upper cortical layers.
More recently, Daw et al. (2004) published a short paper on long term potentiation (LTP) and long term depression (LTD), stating that these plasticity mechanisms vary with layer in rodent visual cortex. N-methyl-D-Aspartate receptors would play a role in LTP and LTD in layers II/III and V, but not layer VI, while metabotropic glutamate receptors would play a role in layer VI, but hardly in layers II/III and V. In their experiments, layer IV on the other hand did not show any signs of LTP or LTD. These layer-specific plasticity mechanisms may be responsible for the laminar differences in the critical period for the effects of monocular deprivation (Daw et al. 1992 ) and the observation that OD changes occur in layers II/III well before they occur in layer IV (Trachtenberg et al. 2000 ). An earlier publication by Fox et al. (1989) also suggested a possible longer-lasting capacity for plasticity of layers II/III in contrast to layers IV, V, and VI. This could account for the time interval between supra-and infragranular reactivation, however, does not explain why Dra¨ger did not see this deep reactivation, nor does it explain the direction of layer V/VI recovery toward the binocular zone instead of originating from it.
Although it should be noted that in situ hybridization patterns of c-fos (an IEG with an expression pattern similar to that of zif268) resulting from enucleation have been proven to be indistinguishable from those caused by monocular deprivation (Majdan and Shatz 2006) , an important remark when comparing our results with those described in ocular dominance plasticity studies is that we are dealing with a different form of plasticity since OD plasticity results from a competitive interaction between both eyes (Gordon and Stryker 1996; Antonini et al. 1999) . Since in our experiments one of the eyes is enucleated, it can no longer exert a mediating effect onto the remaining eyes inputs. In the second part of Dra¨gers work on monocularly deprived mice, however, the animals were enucleated and thus underwent similar plasticity mechanisms. A possible explanation for the lack of cortical responses to targeted visual stimulation in infragranular layers in Dra¨gers study could be that infragranular reactivation is not visually driven and was therefore impossible to detect through physiological recordings with purely visual stimuli.
Sensory Nature of Recovery
Because the somatosensory system is one of the most important sensory modalities for the mouse and since literature suggests a preexisting connectivity between visual and somatosensory cortices (rat: Vogt 1984a, 1984b; mouse: Wagor et al. 1980) , we decided to remove the vibrissae to explore the possibility of a substantial nonvisual contribution to the adult visual cortex reorganization observed here.
The effect of somatosensory deprivation on supragranular layers was modest and the remaining ipsilateral eye seemed to be responsible for a strong activation in and around the binocular zone since there was no significant effect of vibrissae removal on supragranular central visual cortex. Lateral and especially medial extrastriate cortex however, did react to somatosensory deprivation. These observations are in good agreement with our previous findings on the existence of nonvisual inputs in extrastriate visual cortex and on the visual nature of supragranular recovery. Preexisting somatosensory projections to extrastriate cortex, as described by Wagor et al. (1980) and confirmed in a previous study based on persisting activation of this cortical region following binocular enucleation (Van Brussel et al. 2009 ), could be responsible for reorganization of surrounding monocular cortex following enucleation.
The greatest effect of somatosensory deprivation was on infragranular layers. A decreased activity level was noticeable both in control and visually deprived animals. The lower signal in the visually deprived SR compared with the CM-SR could be reflecting a preexisting somatosensory input in medial monocular cortex complemented by novel input induced by the visual deprivation. In monocular V1 on the other hand, there was little evidence for preexisting somatosensory input in the deep cortical layers. The strong effect of vibrissae removal on visual cortex activity could thus only be explained by novel input due to reorganization. Several mechanisms could account for this novel input including axonal sprouting of nearby connections and unmasking of silent synapses (Bavelier and Neville 2002) . One possible explanation is that following enucleation of the dominant contralateral eye, the threshold of the ipsilaterally driven cells is lowered, allowing activation of the cells through formerly subthreshold nonvisually driven synapses. Indeed, previous studies have shown that acute reduction of inhibition reveals the presence of subthreshold synaptic inputs to cortical neurons (Jacobs and Donoghue 1991; Harauzov et al. 2010) . Both by environmental enrichment and fluoxetine treatment, the intracortical inhibition was decreased resulting in an enhancement of visual cortex plasticity (Sale et al. 2007; Maya Vetencourt et al. 2008) . Since in our model the contralateral dominant eye was removed, this could have resulted in a drastic reduction of inhibition, allowing activation of deprived neurons by subthreshold connections. The alternative explanation involves the formation and strengthening of new connections. Several studies in neonatal or early deprived animals report an invasion or activation of a certain sensory system by another sensory modality. However, the mechanisms underlying visual cortex recruitment could considerably differ in early and late deprived animals. Whereas early deprivation could involve invasion of nonvisual thalamic inputs or maintenance of normally pruned intermodal connections between cortices, the effects of late deprivation may be restricted to the strengthening of preexisting intermodal connections (Collignon and De Volder 2009 ). So far, few studies on adult cross-modal interactions have been published (Newton et al. 2002; Lee et al. 2007; Allman et al. 2009 ), but there is considerable evidence for adult cortical plasticity induced by loss of peripheral input (Chino et al. 1995; Buonomano and Merzenich 1998; Arckens et al. 2000; Hu et al. 2009 ). To test whether reorganization of deep visual layers was indeed due to cross-modal innervation, we injected the bidirectional tracer Fluororuby in V2M. Both in controls and 7w MEN animals tracer was transported to the somatosensory cortex. The number of labeled cell bodies appeared to be constant across individuals of the different conditions, and these preexisting connections between the two sensory modalities may well account for the clear somatosensory stimulation of the medial visual cortex of long-term enucleated animals. Possible branching/sprouting effects may, however, have gone undetected with our approach and may only be addressed by a more detailed quantitative connectional analysis (Yamahachi et al. 2009; Mellot et al. 2010) .
To conclude, our work on adult mice suggests cross-modal plasticity in this popular animal model since we gathered a substantial amount of data suggesting a partial nonvisually driven restoration of cortical activity in mouse visual cortex upon monocular deprivation. First, in contrast to supragranular expansion of the binocular zone, infragranular recovery appeared to be initiated at the border with neighboring nonvisual cortex and was accompanied by a hyperactivation of the adjacent somatosensory and auditory cortex. Second, deprivation versus enrichment of somatosensory input resulted in a strong decrease versus increase of activity mainly in infragranular layers of longterm monocular deprived visual cortex. And third, injection of a bidirectional tracer in V2M revealed a strong preexisting connectivity between somatosensory and visual cortex. Recruitment and potentiation of this preexisting, possibly mediating, intermodal connectivity appears to underlie this adult cross-modal plasticity. 
